The central neuroendocrine systems are responsible for the control of homeostatic processes in the body, including reproduction, growth, metabolism and energy balance, as well as stress responsiveness. These processes are initiated by signals in the central nervous system, specifically the hypothalamus, and are conveyed first by neural and then by endocrine effectors. The neuroendocrine systems, as the links between the brain and peripheral endocrine organs, play critical roles in the ability of an organism to respond to its environment under normal circumstances. When neuroendocrine homeostasis is disrupted by environmental endocrine-disrupting chemicals, a variety of perturbations can ensue, particularly when endocrine disruption occurs during critical developmental time periods. This article will discuss the evidence for environmental endocrine disruption of neuroendocrine systems and the effects on endocrine and reproductive functions.
oveRview of neuRoendocRine systems
The hypothalamus, located at the base of the brain, is the site of the neurons that control central neuroendocrine function in vertebrates. The neuroendocrine hypothalamus, which serves as a major interface between the central nervous system and the rest of the body, signals to the periphery through the release of hypothalamic releasing/inhibiting hormones into the portal capillary system that leads to the anterior pituitary gland (Figure 1 ). Specifically, six classes of hypothalamic neural cells regulate the anterior pituitary gland and they are named for the hormones that they produce (summarized in Table 1 ): corticotropin-releasing hormone (CRH); gonadotropin-releasing hormone (GnRH); growth hormone-releasing hormone (GHRH) and somatostatin; thyrotropin-releasing hormone (TRH); and dopamine (prolactin-inhibiting hormone). These neurotransmitters are synthesized in hypothalamic neurons, packaged into secretory vesicles, and released directly into the portal capillary system that vascularizes the anterior pituitary. The pituitary in turn releases its corresponding hormones (Table  1) . Finally, the peripheral endocrine organs release hormones into the bloodstream that exert a crucial homeostatic regulatory function. The target hor- From the pituitary gland, additional hormones are released that act upon target cells elsewhere in the body, many of which secrete another level of hormones. In the brain, hypothalamic neuroendocrine cells are regulated by neurotransmitter systems and by both direct and indirect hormone actions. Environmental endocrine-disrupting chemicals (EDCs) may mimic or block some of these hormonal effects in the brain, thereby disrupting neuroendocrine processes. mones also feed back to neuroendocrine cells in the hypothalamus to communicate information about whether more or less hormonal production is necessary to maintain homeostasis.
There is increasing evidence that the central neuroendocrine systems are targets of endocrine-disrupting chemicals (EDCs). For the purposes of this article, I define endocrine disruptors as those compounds that interfere with hormonally regulated physiological processes. They include industrial compounds, plastics and plasticizers, fungicides, pesticides, and others.
In some cases, pharmaceuticals and phytoestrogens are deemed EDCs when consumed in large amounts (e.g. soy supplements), or when pharmaceuticals are given at high levels at inappropriate developmental periods (e.g. pregnancy), or when they pass into the environment through urination. Because many endocrine disruptors are environmental contaminants from water, food, air and soil, I also use the terminology of "environmental endocrine disruptors" throughout. The mechanisms of EDCs may vary (e.g. binding to nuclear hormone receptors to stimulate or antagonize them; interference with enzymes involved in steroid biosynthesis; neurotransmitter systems that are steroid sensitive; hormone degradation/elimination) but the net effect on an organism is an altered endocrine phenotype. With respect to neuroendocrine systems, as they both control and respond to hormonal signaling, they are logical targets for endocrine disruption. Further, neuroendocrine cells are neurons and therefore they are capable of responding to external stimuli such as environmental signals very rapidly, in the order of milliseconds to seconds. In addition, because neuroendocrine cells are also endocrine effectors, their responses can be protracted for hours, days, or even weeks. Thus, the hypothalamic neuroendocrine systems are perfectly poised to mediate responses to environmental stimuli, including endocrine disruptors.
enviRonmental endocRine disRuption of neuRoendocRine systems
There is increasing interest and research regarding the effects of environmental endocrine disruptors on neuroendocrine systems.
1-3 Most studies have focused on the Hypothalamic-Pituitary-Gonadal (HPG) axis, and hence, this article will primarily discuss the literature on that subject. However, other systems are vulnerable to endocrine disruption. There is a body of literature showing that the HypothalamicPituitary-Thyroid (HPT) axis, is highly susceptible to endocrine disruption. Relatively few studies have investigated links between endocrine disruptors and stress [Hypothalamic-Pituitary-Adrenal (HPA) axis], growth, or lactation, and therefore such data will not be presented in the current article.
The diverse structures and properties of EDCs cause them to exert diverse actions upon target cells. Some EDCs are agonists of hormone receptors expressed on neuroendocrine cells. For example, estrogen receptors can bind EDCs, including Polychlorinated Biphenyls (PCBs), phytoestrogens, pesticides, compounds in plastics such as bisphenol A, and other chemicals. [4] [5] [6] Dioxins and some PCBs are potent agonists to the aryl hydrocarbon receptor (AhR), 7 which is abundantly expressed in the brain. 8 Other EDCs may act as antagonists to hormone receptors or as mixed agonist/antagonists. For example, PCBs can cause activation or suppression of thyroid hormone receptor activity depending upon the specific PCB mixture or dose. Phthalates are androgen receptor antagonists, and vinclozolin, a fungicide, acts, at least in part, as an anti-androgen.
Although not the subject of this review, it is important to mention that EDCs may exert their actions upon neurotransmitter systems that regulate neuroendocrine cells. PCBs have been shown to bind to serotonin, dopamine, and noradrenergic receptors. 9 As these neurotransmitters act upon the hypothalamic releasing factors that control the pituitary gland, this is another mechanism for neuroendocrine disruption.
developmental exposuRe to neuRoendocRine disRuptoRs
The timing of exposure to an EDC is crucial in determining its ultimate effect. It is recognized that there are critical developmental periods during which neuroendocrine systems are modulated by steroid and other hormones. For example, early life exposure to endogenous androgens or estrogens, particularly in fetal life and infancy, organizes the brain in a sexually dimorphic manner (i.e. resulting in morphological and functional differences between males and females) that becomes activated later in life. [10] [11] [12] Exposure to exogenous substances such as EDCs is likely to have more profound detrimental consequences in developing organisms than in adults. 12, 13 This concept is now referred to as the "fetal/developmental basis of adult disease" and is highly applicable to neuroendocrine systems. For example, in the case of the HPG axis, early life exposures to environmental EDCs can permanently alter sexual development, resulting in females that are masculinized or defeminized and males that are feminized or demasculinized. [14] [15] [16] [17] As discussed below, these effects of EDCs on brain sexual differentiation are manifested as changes in reproductive development and may be detrimental to fertility and reproductive success. Therefore, the fetal/developmental basis of adult disease is a critical concept for neuroendocrine disruption.
endocRine disRuption of sexual diffeRentiation of the bRain
Neuroendocrinologists have known for decades 28 The SDN is a dimorphic nucleus that normally is larger in male than in female rats; 29 thus, perinatal endocrine disruptor exposure hyper-masculinized calbindin cell numbers in this region of the males without affecting overall regional volume. In that same study 28 in the anteroventral periventricular nucleus (AVPV), a brain region important for the neuroendocrine control of ovulation in females and potentially involved in neuroendocrine control of GnRH release in both sexes, 30 genistein increased the AVPV volume of the males. This shows that in a subset of experiments, the size of a region can be altered by neonatal endocrine disruptors.
Neuroendocrine systems also control behaviors, and there are several studies showing disruption of reproductive behaviors in male and female animal models. Low doses of PCBs given to developing rats 31, 32 or soy phytoestrogens given to female rats 15 caused quantifiable adverse changes in reproductive behavior. A study published by my laboratory showed that treatment of a pregnant rat on days 16 and 18 of gestation with low levels of the PCB mixture, Aroclor 1221, affected the mating behavior of her female offspring in adulthood. This fetally exposed F1 generation showed a decrease in the likelihood of engaging in mating behavior, and such F1 females, when they did mate, spent more time away from the male in a paced mating trial. 32 Chlordecone, an estrogenic pesticide given at a single embryonic age to rats (day 16 of gestation), permanently altered sexual behavior in adulthood. 33 In that study, the adult female F1 rats showed an enhanced lordosis quotient, an index of receptivity. Male rats showed an enhanced lordosis rating (intensity of the lordosis posture), suggesting that they were feminized by the prenatal treatment with chlordecone. Both males and females also showed enhancements of mounting behavior, suggestive of a hypermasculinization of the males and a masculinization of the females. The phythat early life exposure to hormones such as estradiol or testosterone can permanently alter the morphology of the brain, together with the development of sextypical reproductive physiology and behavior. [10] [11] [12] [18] [19] [20] [21] However, the mechanisms for these effects of hormones on the brain are still poorly understood and quite controversial, partially on account of the complexity of these systems. Studies on normal development, and on effects of endogenous hormones in these processes, make it clear that sexual differentiation of the brain results in large part from the actions of fetal and maternal hormones on steroid hormone receptors in the brain. [10] [11] [12] [18] [19] [20] [21] Sexual differentiation is also regulated by metabolism of steroid hormones in the brain by the enzymes controlling steroidogenesis, such as p450 aromatase, which converts testosterone to estradiol. 22, 23 Further sex differences are due to circulating alpha-fetoprotein, a binding protein that protects the fetal brain from exposure to circulating maternal estrogens. 24 In rodents and many other mammals, the male fetal gonad produces high levels of testosterone; this hormone can serve as a precursor of estradiol through its aromatization within neural tissues of males. 21 By contrast, the female fetal gonad produces much lower levels of hormones and the female brain is "protected" from maternal estradiol by alpha-fetoprotein, as shown in mouse models. 21 Developmental apoptosis (programmed cell death) in hypothalamic nuclei also plays a role in sexual differentiation, a process that is profoundly influenced by the steroid hormonal environment. [25] [26] [27] Any and all of these mechanisms can be disrupted by environmental compounds, particularly when exposure occurs during the developmental periods when these processes are most active, namely, embryonic and early postnatal development.
Clearly, the mechanisms for brain sexual differentiation are complex. Seeking to understand endocrine disruption of brain sexual differentiation is quite difficult, but emerging data support effects of EDC exposure on the development of sexually dimorphic circuits in the brain, with functional consequences (reviewed in reference 2). Studies on environmental endocrine disruption of hypothalamic morphology show effects of developmental exposures. It is important to point out, though, that the effects tend to be specific to certain cellular phenotypes rather than to toestrogen, coumestrol, given during early postnatal life caused a reduction in masculine 34 and feminine sexual behaviors. 35 A recent study evaluated effects of a proposed endocrine disruptor found in ultraviolet filters, 4-methylbenzylidene camphor (4-MBC), on sexual behaviors in female rats. Exposure to 4-MBC throughout the life cycle caused a diminution in proceptive behaviors and affected the females apparent attractiveness to normal (untreated) males. Lordosis quotient and receptivity were also diminished. 36 As a whole, these data show that EDC exposures during development cause aberrant reproductive behavioral outcomes in adulthood. If an animal is not behaving in a stereotypical way, or if behaviors are compromised, the animal may be less likely to reproduce, but even if he/she has a residual capacity to mate, the individual may not be selected by a conspecific who can choose an unaffected mate over an affected one. Thus, there are evolutionary and ecological consequences to the effects of EDCs on reproductive behaviors.
neuRoendocRine disRuption of the hpG axis
The hypothalamic GnRH neurons control reproductive function in all vertebrates. 37 These cells are named for the decapeptide synthesized in their cell bodies. Only about 800 neurons of mammalian brains are capable of producing and releasing GnRH. First, I will provide a brief overview of how GnRH neurons regulate the other levels of the hypothalamic-pituitary-gonadal axis and how GnRH cells in turn are regulated by feedback from peripheral sex steroid hormones. The GnRH neural cells project their axons to the base of the hypothalamus (called the median eminence or infundibulum, depending upon species), where the GnRH decapeptide is released into the portal capillaries that vascularize the anterior pituitary gland. At the pituitary gland, GnRH binds to its receptors on a subset of cells called gonadotropes, which synthesize and release LH and FSH into the general circulation (Table 1) . LH and FSH bind to receptors on the ovary or the testis to cause steroidogenesis and gametogenesis. The gonadal steroid hormones that are produced act upon reproductive and other targets in the body and brain, including feedback regulation of the GnRH neurons. In most mammals, including humans, non-human primates and rodents, 17-estradiol, testosterone, and progesterone are the major estrogens, androgens, and progestins, respectively, and their receptors are abundantly expressed in the hypothalamus. 38, 39 There 40 In that same study, there was a stimulation of GnRH peptide release into the medium by Aroclor 1221 but not Aroclor 1254. 40 Further, a nuclear estrogen receptor antagonist, ICI 182,780, blocked some of these effects of PCBs, suggesting a mechanism that is partially mediated by this receptor. In interpreting these data, it is necessary to point out that GT1 cells express the nuclear estrogen receptors, ER and ER, 41, 42 but GnRH neurons in the mammalian brain express only ER. 43, 44 Therefore, these reported effects in the GT1-7 cell line may differ somewhat from those in vivo. Finally, Aroclor 1221 caused morphological changes in the GT1-7 cells such as neurite extension and an increase in cellular confluence, whereas Aroclor 1254 caused some modest neurite retraction and neurotoxicity. 40 One also needs to consider that PCBs can bind to neurotransmitter receptors, 9 some of which are expressed on GT1-7 cells, so this is a potential mechanism by which PCBs activate GnRH gene expression and release.
In a second study, we treated the GT1-7 cell line with the estrogenic organochlorine pesticides, methoxychlor, or chlorpyrifos. These substances significantly increased GnRH gene expression at low doses and inhibited gene expression at high dosages. 45 Such an inverted U-shaped dose-response curve is sometimes observed in EDCs effects. 46 Although there are many possible explanations for non-linear dose-response curves, I favor the interpretation that multiple pathways are induced by EDCs, each with differing dose-response curves, which when summated result in a non-linear curve. In addition, GT1-7 cell morphology was unaffected by methoxychlor, but chlorpyrifos stimulated neurite outgrowth and cell confluency in a manner similar to estradiol. Overall, these results are important because they show that GnRH cell lines can respond directly to environmental EDCs.
A recent publication from my laboratory has added more information about the mechanisms by which EDCs affect GnRH neurons. GT1-7 cells were treated with either individual PCBs (PCB 74, 118 or 153) or a mixture of the three. Effects on GnRH peptide levels, cell viability and death, and the mechanism for cell death (apoptosis or necrosis) were quantified. 47 At low dosages and short time points, GnRH peptide levels were higher than controls. With higher dosages and longer treatment durations, GnRH peptide concentrations were decreased. In general, cellular viability was diminished following PCB treatments in a manner that involved both apoptosis (lower concentrations) and necrosis (higher concentrations). 47 These results show that PCBs can impair viability in the GnRH cell line.
In other in vitro work, explanted hypothalamic dissections from 15-day old female rats were incubated in a perifusion system and effects of several EDCs on glutamate-evoked GnRH release were tested (this model was used as a reliable way of stimulating GnRH secretion 48 ). Of the several EDCs tested, o,p'-DDT had the greatest stimulation of glutamate-evoked GnRH release. Bisphenol A also was stimulatory, albeit to a lesser degree. By contrast, the pesticide methoxychlor, and p,p'-DDE, were ineffective in this in vitro model, suggesting some specificity of the effect to certain EDCs. 48 The same laboratory showed that DDT, but not DDE, increased the frequency of GnRH pulses, suggesting a stimulatory effect on GnRH release. 49 This finding is comparable to the report, discussed above, showing that GnRH release was enhanced by PCBs in the other in vitro model studied, the GT1-7 cells. 40 Finally, a recent publication used explanted hypothalami from male rats that had been exposed in utero to dioxin, via treatment of the pregnant dam on gestational day 15. 50 That experiment used potassium chloride (KCl)-induced GnRH release in vitro from hypothalami of male rats at day 35, 60, or 90 postnatal, and demonstrated an attenuation of the effects of KCl in the endocrine disrupted males of all three ages. 50 At the same time, when GnRH peptide content was measured in the explanted hypothalamus, peptide content was increased, suggesting that the GnRH peptide is synthesized, but release is impaired, in this dioxin model. 50 This finding of a diminution in GnRH release contrasts with the studies described earlier showing enhancements of GnRH release in other EDC models. Together, these data make the important point that EDCs can enhance or diminish release of neuroendocrine hormones, depending upon the specific EDC and the timing of treatment, but the net effect is a dysregulated system due to the disruption of homeostasis.
An in vivo animal study supports effects of EDCs on GnRH hypothalamic neurons. In ovariectomized adult rats, McGarvey et al. 51 showed that the phytoestrogen coumestrol, but not genistein, suppressed hypothalamic electrical activity together with a suppression of serum LH levels. The hypothalamic activity measured is believed to be representative of the neurophysiological activation of GnRH neurons, reflective of the "GnRH pulse generator" that is responsible for the pulsatile release of GnRH at approximately 30-90 minute intervals. Therefore, a suppression of the GnRH pulse generator suggests that these pulses are not occurring, an interpretation supported by the diminution of LH pulses that would otherwise be stimulated by GnRH pulses.
Studies in the Atlantic croaker fish have shown that PCB treatment can significantly impair HPG and reproductive function. [52] [53] [54] Specifically, PCBs decrease GnRH peptide content in the hypothalamus, the levels of pituitary GnRH receptors, and the LH response to GnRH challenge. 52 Furthermore, the mechanism of action of PCBs in this system appears to be mediated, at least in part, through serotonin receptors, as this neurotransmitter is responsive to PCBs and in turn affects GnRH release.
Developmental exposures to EDCs can disrupt GnRH systems later in life. When female rats were given early postnatal treatments with the phytoestrogen genistein, there was a reduction in the ability of estradiol to induce expression of the immediate early gene Fos within GnRH neurons (a marker of GnRH gene activation). The timing of puberty was altered, a.C. Gore and reproductive failure occurred at a much earlier age, in these early postnatally-exposed female rats. Other studies have quantified numbers of GnRH neurons in animals exposed to EDCs during early development. In one, developing rabbits were given prenatal and early postnatal treatment with the antiandrogenic fungicide, vinclozolin. 55 A decrease in the number of GnRH neurons was found in specific hypothalamic regions, suggesting a loss of detectable GnRH cells with developmental exposure. 55 A recent study used pregnant rats that were treated with TCDD (dioxin) on pregnancy day 15. When their male offsprings were 35 days old (peripubertal), their brains were used for immunohistochemical labeling of GnRH neurons. Prenatal TCDD caused a change in GnRH neural morphology; while it is difficult to know the physiological implications of such a change, it may represent a difference in the capacity for GnRH neurons to receive synaptic inputs. 50 Although the results from these studies, one on rabbits, one on rats, may differ, they are consistent in that they suggest that GnRH cells of mammals are targets of EDCs.
neuRoendocRine disRuption of thyRoid function, metabolism, and eneRGy balance
Although there is extensive research into effects of EDCs on thyroid function (reviewed in reference 56), most research has focused on the thyroid hormones themselves as opposed to the HPT axis. Nevertheless, the HPT axis is sensitive to a broad range of endocrine disruptors, including industrial chemicals (e.g. PCBs, perchlorate), pesticides, and goitrogens in food (reviewed in references [56] [57] [58] . This is particularly devastating when exposure occurs during development because normal development in mammals and other vertebrates is highly dependent upon a proper hormonal milieu. 59 There is some evidence for neuroendocrine HPT disruption: for example, PCB congeners reduce the thyroxine and TSH response to TRH, 60 suggesting a hypothalamic and/or pituitary dysregulation. Other studies in rats, humans, and other species provide strong support for thyroid disruption, including pituitary TSH release (reviewed in reference 58).
The importance of the timing of exposure was demonstrated by a study in which pregnant dams were exposed to low doses of polybrominated diphenyl ethers (PBDEs) on day 6 of gestation, resulting in reduced thyroxine levels both in dams and in developing offspring. 61 Importantly, developmental exposure to thyroid disruptors can have long-term consequences on neurobiological functions, as thyroid hormone is critical for normal brain development. There is an extensive literature in the case of PCBs, for which it has been reported that neural development is compromised, particularly in the cerebellum, which controls motor learning. 62, 63 Recently, bisphenol A was identified as a developmental thyroid toxicant, with dosages from 1-50 mg/kg (fed to the dam from gestational day 7 through weaning of the pups) causing transient increases in T4, specifically on postnatal day 15. 64 This result highlights the broader nature of endocrine disruption by this compound, formerly thought to be an environmental estrogen.
The control of metabolism and energy balance includes not only euthyroid function but also involves hypothalamic circuits that control feeding behavior, fat cells (adipocytes), and adipokines (e.g. leptin), and actions of the latter on the hypothalamus. Exposure of developing mice to the pharmaceutical estrogenic endocrine disruptor diethylstilbestrol (DES) caused obesity in adulthood, an effect that was manifested in a subsequent generation. 65 Although the mechanisms for such effects are not known, it is postulated that it may involve actions of DES on the developing hypothalamic circuits that are important for energy balance. Others have proposed that endocrine disruptors can act as "obesogens" and program the organism to develop obesity later in life through mechanisms including (but probably not limited to) peroxisome proliferator-activated receptors and nuclear hormone receptors involved in lipolysis. 56, 66 The discipline of the endocrine disruption of metabolism is an emerging field that merits considerably more research. It has implications for obesity, diabetes, and cardiovascular disease, among others, and may be related to the increase in these phenomena in children (reviewed in reference 56).
tRansmission of effects of neuRoendocRine disRuption to futuRe GeneRations
Although it is becoming evident that there can be transgenerational transmission of an endocrinedisrupted trait to future generations 65, 67, 68 and that epigenetic (non-genomic) mechanisms are involved in mediating effects of endocrine disruptors, 67,69 this concept has not been broadly applied to neuroendocrine systems. Nevertheless, considering that neuroendocrinologists were among the first to notice that the early life hormonal milieu has permanent organizing effects upon physiology and behavior and development, it seems intuitive that EDC exposure, during development even at sub-toxic levels, will have longterm consequences for the individual when exposures occur during critical ontogenic windows.
The issue of transgenerational transmission of a disrupted trait is suggested by a growing literature concerning the HPA stress neuroendocrine axis, for which early life maternal stress, or even subtle differences in maternal behavior, have been shown to have permanent consequences for stress responsiveness of the offspring and subsequent generations. The mechanism of transmission is also very interesting as it is non-genomic (the transmission of the phenotype is seen in cross-fostered as well as biological offspring). It was determined that this process involved epigenetic modifications to molecules in the brain that were involved in modulating the HPA axis, specifically DNA methylation of the glucocorticoid promoter, and that this trait can be reversed by supplementation with a methyl donor. 70, 71 This phenomenon of epigenetic programming by maternal behavior has been extended beyond the HPA axis. For example, variations in maternal care are associated with differential methylation of the estrogen receptor alpha promoter. 72 Further, the HPG axis is also programmed by early maternal care: rat pups receiving higher levels of licking and grooming have lower indices of sexual behavior, lower responsiveness of GnRH neurons to steroid feedback, and lower expression of ER in the AVPV. 73 It would be very interesting to determine the interactions among endocrine disruptors, maternal behavior, and epigenetic modifications and relate these phenomena to reproductive success.
In terms of EDCs, there are a few models for epigenetic modification and/or transmission of a disrupted trait, and to date, none has addressed neuroendocrine function. However, a summary of that work is presented herein since it may be informative for future neuroendocrine studies. Skinner and colleagues showed that prenatal exposure to the fungicide, vinclozolin, caused disease and dysfunction of the male reproductive system in adulthood, and that this phenotype was transmitted by the male germline for up to at least four generations. 67 This research has been replicated and extended by the Anway and Skinner laboratories, 67, 74 although efforts by other laboratories to replicate this work have had mixed results, possibly due to some experimental differences. Schneider et al 75 found that oral administration of vinclozolin to pregnant dams had relatively few reproductive toxicological effects. Their study differed from that of Anway and Skinner in the strain of rat and the route of administration. Inawaka et al also tried to replicate Skinner's work but did not find a phenotype, possibly due to differences in the rat colonies. 76 A recent publication used mice to evaluate transgenerational effects of vinclozolin on DNA methylation in sperm. 77 This study is an important extension because not only does it address the question of epigenetic transmission in a new species (mice) but it also focuses on maternally or paternally imprinted genes that are known to be regulated by DNA methylation. Results of treatment of pregnant mouse dams with vinclozolin (compared to vehicle) showed that F1 male sperm had large differences in DNA methylation patterns, with paternally imprinted genes (H19, Gtl2) decreased in percent methylation of CpG sites, and maternally imprinted genes (Peg1, Snrpn, Peg3) increased in percent methylation. Further, these methylation patterns were transmitted to an F2 generation through the F1 male, albeit with a lessening of the effect, and a further diminution in the F3 generation. This loss of the imprinted trait suggests a reversibility of reprogramming of these imprinted genes across generations. The transmission of the trait was not observed with F1 female crosses, supporting a patrilineal mode of inheritance. In the waterflea Daphnia magna, several chemicals were tested, including vinclozolin, for their effects on reproduction and on DNA methylation. 78 Although a.C. Gore in this experimental invertebrate model vinclozolin did not affect reproduction, it did cause changes in DNA methylation (either hypo-or hypermethylation, depending upon the gene). This effect was also seen in F2 descendants, and in the F3 generation there was global hypomethylation, suggesting transgenerational inheritance of a subset of the epigenetic traits. Unfortunately, the identity of the affected genes is unknown as the Daphnia genome is not yet sequenced, but it will be interesting to compare these results to those in rats and mice, described above, when more information is available. Finally, while not transgenerational, male-specific effects of exposure to vinclozolin (via food) have also been reported for the guppy. 79 In that study, feeding female guppies food laced with vinclozolin did not affect their fertility and fecundity, whereas males fed vinclozolin had diminished reproductive success accompanied by decreased sperm counts. 79 Two subsequent studies on rats have focused on the neurobiological consequences of transgenerational effects of vinclozolin, bringing research a step closer to understanding links among neuroendocrinology and transgenerational inheritance of non-genomic information. The first evaluated mate choice behavior in F3 descendants of animals exposed to vinclozolin or vehicle and showed that male F3 descendants from the vinclozolin lineage were significantly less attractive to a female mate than those from the vehicle lineage. 80 The second study performed microarrays of the transcriptome in whole brain, amygdala, and hippocampus, together with behavioral assays, in the F3 male and female descendants of the two lineages, and found significant alterations in both brain gene expression and behaviors. 81 Clearly, more information is needed to understand the relevance of these observations to neuroendocrine systems, but at the very least they show transgenerational transmission of differences in the nervous system in a sex-specific manner.
Using another endocrine disruptor, PCBs, my laboratory published a paper showing effects of prenatal exposure to Aroclor 1221 on physiology and behavior in the adult F1 females and on serum hormones in their adult F2 offspring. 32, 68 Specific to the F2 generation, we observed that patterns of reproductive hormones on proestrus, the day of the preovulatory GnRH/LH surge, were perturbed. 68 In control lineage F2 rats, serum LH and progesterone were high at the predicted time of this surge, whereas in second-generational descendants of PCB-treated pregnant rats, serum LH and progesterone were low. We believe that the timing of the surge may have been disrupted and current research is attempting to address this question, to discern the mechanism for this transmitted trait, and to extend it to an F3 generation.
conclusions
Central neuroendocrine systems control processes regulated by hypothalamus, pituitary, and target organs. These systems play key roles in enabling the organism to respond to its environment and, thus, they are highly vulnerable to disruption by environmental contaminants such as industrial chemicals, pesticides, plastics/plasticizers, and even food products. To date, most research on endocrine disruption has focused on the target systems, but compelling evidence suggests that the hypothalamic-pituitary levels are potentially the primary sites for endocrine disruption. Further, the neuroendocrine systems do not exist in a vacuum: they communicate with one another and this cross-talk could exacerbate effects of exposures across multiple homeostatic systems.
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